Three-dimensional surface models of the normal hemipelvis derived from volumetric CT data on 42 patients were used to determine the radius, depth and orientation of the native acetabulum. A sphere fitted to the lunate surface and a plane matched to the acetabular rim were used to calculate the radius, depth and anatomical orientation of the acetabulum. Dislocation rates following total hip replacement (THR) range from 1% to 4%.
Three-dimensional surface models of the normal hemipelvis derived from volumetric CT data on 42 patients were used to determine the radius, depth and orientation of the native acetabulum. A sphere fitted to the lunate surface and a plane matched to the acetabular rim were used to calculate the radius, depth and anatomical orientation of the acetabulum. The orientation of the native acetabulum did not match the safe zone for acetabular component placement described by Lewinnek. During total hip replacement surgeons should be aware that the average abduction angle of the native acetabulum exceeds that of the safe zone angle. If the concept of the safe zone angle is followed, abduction of the acetabular component should be less than the abduction of the native acetabulum by approximately 10˚.
Dislocation rates following total hip replacement (THR) range from 1% to 4%. [1] [2] [3] [4] Technical factors, as distinct from patient characteristics, implicated in increasing the risk of dislocation include malpositioning or inappropriate sizing of the components, limited experience of the surgeon, and pelvic malrotation during surgery. 5 In particular, the positioning of the acetabular component influences the risk of dislocation, impingement, polyethylene wear and the overall stability of the THR. 6, 7 Based on a radiological analysis of the observed dislocation rates in a series of 300 THRs, Lewinnek et al 8 suggested a safe zone for the orientation of the acetabular component, recommending a lateral opening of 40˚ ( SD 10) and anteversion of 15˚ ( SD 10) relative to the anterior pelvic plane. This early definition of a safe zone has become the de facto standard for comparison even though the ranges for acetabular component inclination and anteversion remain controversial. 7 The concept of combined component position was recently suggested by Barsoum et al. 9 Although many surgeons apply the safe zone to guide acetabular component orientation during THR, others use the native orientation of the acetabulum or the transverse acetabular ligament 10 as a guide. 6 Even though native acetabular anatomy, as described by its radius, depth and orientation, is important to hip reconstruction, prosthetic design and the restoration of hip mechanics, very little is reported on it in the literature.
In this study we hypothesise that the native acetabulum is a good guide for placement of a prosthetic acetabular component. To test this assumption we have examined the anatomy of the acetabulum using 3D surface models of the pelvis. The parameters we studied included the acetabular radius, depth and anatomical orientation in terms of abduction and version.
Materials and Methods
The data were derived from a clinical trial of image-based, navigated THRs conducted with institutional review board approval and informed consent from the patients. These data have formed the basis of the statistical atlases of healthy pelves reported elsewhere. 11 The data include the volumetric CT dataset, anonymised patient demographics, and clinical information for each patient. The clinical trial extended from 1997 to 2004 at two different institutions. The early data collected had a slice thickness of 1.0 mm over the acetabulum, 5.0 mm elsewhere, and an average pixel size of 0.82 mm × 0.82 mm. The later data were collected in helical mode with a slice thickness of 1.25 mm and average pixel size of 0.79 mm × 0.79 mm. Volumetric CT data provided the reference for the navigation and hence the 3D surface models for the current study. The criteria for inclusion were that the contralateral hip from the THR had been evaluated by the surgeon as healthy on the basis of plain radiographs, no osteophytes were present, and that the quality of the CT scan was high. In addition, the normal hip must not have been distorted by previous surgery, injury, or dysplasia. From the statistical atlas study, a population of high-quality 3D mesh surfaces from 20 males and 22 females was available for analysis. The patient population spanned a wide range in weight, height and body mass index (Table I ). There were 25 left hemipelves and 17 right. The indication for the THR had been degenerative joint disease in all patients. The patients comprised 40 Caucasians and two Afro-Caribbeans.
For each patient, the most anterior point on the anterior superior iliac spine and the midpoint of the most anterior points on the pubic tubercles were extracted from the CT volume (Fig. 1) . These landmarks were used to define the anterior pelvic plane, which defines an unambiguous anatomic pelvic co-ordinate system used in navigated THR. 12 The 3D surface models of the hemipelves were defined as meshes of connected triangles built from vertices segmented from the CT data volume. The lunate surface and rim of the acetabulum were identified on each hemipelvis by selecting the corresponding vertices on that 3D surface model (Fig. 2) . Vertices on the acetabular rim were picked by two methods and analysed separately. In the first method, all vertices circumnavigating the acetabular opening but excluding the fossa were picked. In this case, the acetabular orientation was based on the full anatomical opening. In the second method, points restricted to the superior and posterior portions of the rim were picked. This represented rim points that were easily accessible within a surgical opening. One author (PEM) performed the point selection on all of the 3D surface models. A sphere was fitted to the vertices of the lunate surface of the acetabulum and a plane was fitted to vertices along the rim. The parameters for the spheres and planes were determined by minimising the sum of the square of the distances between the vertices and the corresponding geometric shape. The radius of the sphere defined the size of the acetabulum. The abduction and version of the acetabulum were defined by the normal to the rim plane with respect to the anterior pelvic plane.
The depth of the acetabulum, d , was defined as the distance between the deepest part of the acetabulum relative to the rim plane (Fig. 3 ). This depth is of interest because of its influence on the range of movement of the femoral component and acetabular cover. The depth was then normalised to remove the effect of the difference in size between males and females. It was found, on average, that the female acetabular radius is approximately 10% smaller than that of the male. 13 The normalised depth, d n , is defined as the ratio of the depth to the radius of the fitted sphere ( R ):
As an alternative but equivalent parameterisation of normalised depth, we calculated the angle θ subtended by the intersection of the rim plane with the acetabulum:
These two equivalent parameters allow us to examine the variation in acetabular depth separately from variations in radius. Statistical analysis. The differences in the values of abduction, version, radius and acetabular depth between males and females were tested for statistical significance using the two-sample Student's t -test, assuming unequal variance. The difference in the values of abduction and version from those corresponding to the predicted safe zone for acetabular component placement were also tested for statistical significance using the same statistical test. Differences were considered significant when p < 0.05.
Results
On average, 310 vertices defined the lunate surface and 84 defined the rim. The standard deviation ( SD ) of the fit of a sphere to each lunate surface was 0.71 mm ( SD 0.16). This represents the mean of the distances between the fitted sphere and the corresponding points on the lunate surface for all the vertices of the 3D surface models. The SD of the fit of a plane to the vertices along the entire rim was 2.43 mm ( SD 0.67), indicating large variations in rim topography. The SD of the fit of a plane to the vertices limited to the posterior and superior regions of the rim was 0.82 mm ( SD 0.30).
The female acetabulum was orientated with a mean of 57.1˚ abduction (50.7˚ to 66.8˚) and a mean of 24.1˚ version (14.0˚ to 33.3˚). The male acetabulum was orientated with a mean of 55.5˚ abduction (47.7˚ to 65.9˚) and a mean 19.3˚ version (8.5˚ to 32.3˚). There were no retroverted ace- tabula. It was observed that the gender variation for the angle of version was statistically significant (p = 0.021), but the difference for the angle of abduction (p = 0.26) was not, signifying that in this study the female acetabulum was more anteverted than that of the male. The range of acetabular abduction was less than that of version in these native acetabula, although both were approximately 20˚ or more.
The mean radius of the female acetabulum was 25.0 mm (21.7 to 30.3); the mean radius of the male acetabulum was 26.7 mm (24.5 to 28.7). This difference in mean acetabular radius between females and males was found to be statistically significant (p = 0.003). We could identify no relationship between body mass index and the size of the acetabulum (regression analysis, females r = 0.001, males r = 0.26).
The mean depth of the acetabulum was 19.5 mm (15.7 to 24.2) for females and 22.7 mm (17.5 to 28.0) for males. The mean normalised depth for females was 0.79 mm (0.56 to 1.04) and 0.85 mm (0.65 to 0.99) for males. This corresponds to a mean subtended angle of 155.3˚ (127.9˚ to 184.4˚) for females and 162.9˚ (138.7˚ to 179.1˚) for males, suggesting that the female acetabulum is shallower than the male. Nevertheless, the difference in acetabular depth between males and females was not statistically significant when the values were normalised (p = 0.06 for normalised depth; p = 0.058 for subtended angle).
Discussion
The surface models used in the study were smoothed to remove the sampling artefacts introduced by layering and pixillation (discretisation) in the CT data volume. The mean maximum distance between the original and the smoothed models was less than 2.82 mm ( SD 0.27). The means of the root mean square and mean distances between the original and smoothed models were 0.46 mm ( SD 0.04) and 0.33 mm ( SD 0.04), respectively. The largest distances between models occurred at the boundaries of the thickest slices, but these points were not within the acetabulum. Although the differences between the smoothed and the original models may appear large, they reflect the fact that the smoothed models were averaging the surface across the CT slice and pixel length. Within the acetabulum, the CT samples were approximately 1 mm in width, length and height, whereas the average error was less than half that. The 3D surface models were therefore reasonable surfaces from which to measure acetabular properties.
The limitations of this study relate to the assumption that the native parameters of the acetabulum could be determined from the fit of a sphere and a plane to points selected on a 3D surface model of the hemipelvis. Other geometric shapes, such as an ellipsoid, may provide better templates for acetabular parameters. The most significant variation was due to the number and distribution of the points selected for the geometric fits. In order to address this, results from points selected along the entire rim (excluding the fossa) were compared with those selected on the superior and posterior portions of the rim. The study was also limited by the relatively small number of patients. The fact that no retroverted acetabula were observed in our data may be attributable to the small number of patients or to the possible relationship between retroverted acetabula and osteoarthritis, as osteoarthritic acetabula were excluded from the data population.
The radiological safe zones of Lewinnek et al 8 have been converted 14 to anatomical abduction (30.4˚ to 54.4˚) and version (6.5˚ to 43.0˚), and are plotted alongside our CT results in Figure 4 . Most of the abduction values of the native acetabula measured in this study were greater than the range of abduction values defining the safe zone in the anatomical reference frame, but the range of values for version corresponded to the range for the safe zone. This suggests that the abduction of the native anatomy may not be a good guide for safe placement of the acetabular component.
In order to assess whether the native acetabulum provides a good guide for placement of the prosthetic acetabular component, we tested the hypothesis that the mean radiological inclination and anteversion of the acetabular component safe zone is identical to the same radiological parameters in the native acetabulum. The abduction and version of the native
Depth of the acetabulum is defined as the distance, d, between the deepest point in the acetabulum and the plane of the rim. C is the centre and R is the radius of the sphere fitted to the acetabulum. θ is the angle subtended by the plane of the rim. The normalised depth (d/R) and subtended angle (θ) allow examination of the variation in acetabular depth separately from variations in size (i.e. variations in radius).
acetabula were determined from the fit of the plane of the rim in the anatomical reference frame and converted to the radiological values of inclination and anteversion (Fig. 4) . The mean orientations are plotted against the safe zone in Figure 5 . However, the mean inclination values were quite different (p < 0.01; Table II ), but the mean anteversions could not be distinguished on the basis of these data (p = 0.091). Nevertheless, this demonstrates that the orientation of the native acetabulum as defined by its abduction and version is not a good guide for the safe placement of the acetabular component. Furthermore, the power of the analysis exceeds 99.99%, indicating that there were sufficient data upon which to reach this conclusion.
This comparison with Lewinnek's afe zone may not be ideal, as Rittmeister and Callitsis 7 analysed the outcomes of 500 THRs and found that dislocation was not more frequent in patients outside the safe zone.
The methodology assumed that a plane fit to the rim of the acetabulum was a reasonable measurement of the orientation of the acetabulum, but the rim comprises three bones (ilium, ischium and pubis) creating an irregular margin. This was highlighted in the SD of 2.43 mm ( SD 0.67) in the fit of the plane of the rim. Selection of points along the rim greatly affects the fit of the plane, and hence the abduction and version. When the vertices were selected primarily on the superior and posterior portions of the rim instead of Converting the mean abduction and version angles based on the vertices along the superior and posterior portions of the rim to radiological anteversion and inclination, and comparing them with the mean orientations of the safe zone, revealed statistically significant differences between the two populations (p < 0.01, Table II), and showed that the values lay outside Lewinnek et al's 8 safe zone (Fig. 5 ). As the presence of osteophytes might alter the measurement of native acetabular orientation, arthritic acetabula were excluded from this series. During THR surgeons are advised to remove osteophytes before using the native acetabulum for orientation. Femoral orientation is outside the scope of this study, but surgeons need to bear in mind the importance of the combined anteversion of the femoral and acetabular components. 9 Stem et al 15 suggested that the acetabular anteversion in males was 2.7˚ less than that in females. Our results support these findings, but a post hoc power analysis of the version data was 58%, indicating that more patients are required for us to be confident of our findings. For a SD of 5˚, 45 male and 45 female measurements would be required to detect a 3˚ difference in version between males and females with a power of 80%.
We found that the acetabular radius was gender dependent. The sexual dimorphism was 7%, with the mean radius of the male acetabulum being larger than that of the female. The power for the radius data was 90%, indicating that there was a sufficient number of patients to observe a difference of 1.8 mm in radius between males and females.
Acetabular depth is important in restoring normal hip mechanics and establishing a good range of movement. It is considered a contributing factor in component dislocation. The range through which the femoral head can move within the acetabular component is related to the subtended angle (normalised depth). By itself, the measured depth gives no indication of the range of movement: the context of the acetabular radius is required. Comparing the subtended angle (normalised depth) of the acetabulum between males and females, we found that female patients had less deep acetabula than males, which produced less cover of the femoral head for the females, although the difference was not statistically significant (p = 0.06).
Based on the mean abduction and version angles measured in this study, positioning on the acetabular component according to native anatomy was not consistent with Lewinnek's safe zone. In particular, the mean abduction angle was larger than recommended by the safe zone theory. To adhere to the safe zone angle, the acetabular component should be approximately 10˚ less abducted than the native acetabulum. However, the anteversion of the acetabular component can be more reliably matched to the native anatomy.
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